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ABSTRACT

This study investigated the performance of granular dead anaerobic sludge (GDAS)
biosorbent as permeable reactive barrier (PRB) in removing lead from contaminated shallow
groundwater. Batch tests were performed to characterize the equilibrium sorption properties
of the GDAS and sandy soil in lead-containing aqueous solutions. Fourier transform infra-
red analysis proved that the carboxylic, alcohol, and alkyl halides groups were responsible
for the biosorption of lead onto GDAS. A two-dimensional numerical model, solved by
COMSOL Multiphysics 3.5a software, which is based on finite element method, was devel-
oped to simulate the equilibrium transport of lead within groundwater. This model consid-
ered the pollutant sorption onto the GDAS and sandy soil using Langmuir equation.
Numerical and experimental results proved that the PRB plays a potential role in the
restriction of the contaminant plume migration. Furthermore, the barrier started to saturate
with contaminant as a function of the travel time, and thicker barrier was more efficient
than thinner one. However, a good agreement between the predicted and experimental
results was recognized with root mean squared error not exceeding 0.055.

Keywords: Granular dead anaerobic sludge; Lead; Permeable reactive barrier; Transport;
Groundwater

1. Introduction

The presence of toxic heavy metals in groundwater
brings about significant changes in the properties of
water resources and must be avoided to preserve the
environmental quality. Toxic heavy metals, such as
mercury, chromium, and lead, can be related to many
anthropogenic sources, and their compounds are
extremely toxic [1]. The protection of groundwater
and surface water is important, which needs to be
resolved as fast as possible. Groundwater can be

polluted mainly with pollutants from dumping sites,
municipal landfills, petrol stations, airports, agricul-
ture, and chemical plants. Contaminants from these
sources can flow downward in the unsaturated zone,
reach the groundwater, flow horizontally in the form
of diluted solution, and pollute surface water such as
rivers, lakes, etc. There are more than 30 types of tech-
nologies for treating groundwater and contaminated
soil. Permeable reactive barrier (PRB) is an interesting
passive method where contaminants are removed
from an aquifer by the flow through a reactive barrier
filled with a reactive material [2]. The main advanta-
ges of this technology are treatment of contaminants
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in the subsurface, complete plume capture, lower
operation and maintenance costs, and lower long-term
performance monitoring costs [3].

Presently, the global population overgrowth cou-
pled with accelerating technological advances and
concomitant environmental pollution/climate change
have led to a significant reduction in water resource
availability and appreciable deterioration of water
quality. Iraq is currently facing severe water shortages
across most parts of the country, with over 7.6 million
Iraqis lacking access to safe drinking water and the
agriculture sector suffering from years of water scar-
city [4]. Accordingly, PRB technology could have a
significant positive impact on the quality of ground-
water resources, making it a reliable complementary
option to surface water.

Sewage sludge is recognized as a valuable
resource that can be recycled as fertilizer and soil
improvement material for land, because it consists lar-
gely of organic substances and contains nitrogen and
phosphorus, which are the main nutrimental elements
of plants. Activated sludge is a well-known biosor-
bent used for the purification of some industrial
effluents and domestic wastes. A part of the micro-
organisms, over grown in such wastewater systems,
can be separated and utilized for the removal of
organic and inorganic pollutants as an abundant and
cheaper biosorbent. The activated sludge from waste-
water systems mainly consists of bacteria, protozoa,
fungi, yeasts, and other micro-organisms, and is there-
fore considered as a heterogeneous biosorbent mate-
rial. The protozoa are unicellular, motile, and
relatively large eukaryotic cells that lack cell walls.
They can adsorb components through their outer
membranes that contain proteins and lipids [5]. Aero-
bic dried activated sludge has been used by many
researchers to remove heavy metals and organic pol-
lutants from industrial wastewater. In the present
study, granular dead anaerobic sludge (GDAS) or
dead biomass from drying beds, which is richer with
different micro-organisms than aerobic activated

sludge [6], was used as a biosorbent to remove lead
from synthetic contaminated groundwater.

Considerable theoretical and experimental studies
on PRBs using different types of reactive medium
such as activated carbon, zeolite, and zero-valent iron
(ZVI) for the removal of heavy metals from ground-
water have been performed. For example, a set of
batch and column tests were conducted to determine
the design factors for clinoptilolite (one of the natural
zeolites) PRBs for the treatment of groundwater con-
taminated with ammonium and heavy metals [7]. It
has been reported that the removal of heavy metals
from contaminated groundwater is possible on acti-
vated sludge using biosorption process, depending on
the complex substances formed by the heavy metals
and functional groups such as carboxyl, hydroxyl, and
phenolic groups of the extracellular polymeric sub-
stances [8]. In a previous study, a continuous column
experiment was conducted under dynamic flow condi-
tions to study the efficiency of low-cost PRBs to
remove several inorganic contaminants from acidic
solutions. A 50:50 w/w waste iron/sand mixture was
used as the candidate reactive medium to activate
precipitation and promote sorption and reduction–
oxidation mechanisms [9]. Furthermore, the treatment
of the groundwater contaminated with metals by
dumping sites located in the provinces of southern
Poland was investigated. The simulated groundwater
circulated through the column filled with ZVI in the
laboratory tests. Chromium, copper, nickel, cobalt,
lead, cadmium, and zinc, occurring in the water as
cations and anions, were removed in the iron bed [10].
In another study, the performance of zeolite PRB in
removing cadmium from a contaminated shallow
aquifer was examined. Batch tests were performed to
characterize the equilibrium sorption properties of the
zeolite in cadmium-containing aqueous solutions. A
one-dimensional numerical finite difference model
was developed to describe pollutant transport within
groundwater by considering pollutant sorption on the
PRB [11]. Similarly, many other studies [12–17] had

Table 1
Physical and chemical characteristics of GDAS

Physical properties Value Chemical properties Value

Actual density (kg/m3) 1,741.6 pH 7.5
Apparent density (kg/m3) 609.9 Ash content (%) 12
Surface area (m2/g) 94.53 Cation exchange capacity (CEC, meq/100 g) 51.153
Bed porosity 0.45 Initial Pb2+ concentration (mg/kg) ≤30
Average particle diameter (mm) 0.775 Organic volatile solid (V·S, 106 mg/l) 0.135
Pore volume (cm3/g) 0.544 Non-volatile solid (N·V.S, 106 mg/l) 0.018
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been conducted to investigate the performance and
efficacy of this technology under different conditions.

The regular biological activities of municipal
wastewater treatment plants produce large quantities
of byproduct biomass wastes. Thus, reuse of this waste
as a reactive medium in PRBs is attractive in terms of
sustainable development and reduced disposal costs.
Accordingly, the aims of the present study were to:
(1) investigate the potential application of GDAS

biosorbent as an inexpensive material in PRBs for the
removal of lead from contaminated groundwater;
(2) determine the predominant functional groups that
are responsible for lead removal in the GDAS biosor-
bent using Fourier transform infrared spectroscopy
(FTIR) analysis; and (3) characterize the two-dimen-
sional equilibrium transport of lead theoretically using
COMSOL Multiphysics 3.5a (2008) software and
experimentally using bench-scale model.

Fig. 1. Schematic diagram of the bench-scale model aquifer.

Fig. 2. Schematic diagram of the sampling plate and sampling ports.
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2. Materials and methods

2.1. Medium and contaminant

The GDAS was dried at atmospheric temperature
for 5 d and sieved using 1/0.6 mm diameter mesh.
The sieved portion was washed five times with dis-
tilled water and dried at 70˚C for 6 h prior to use [18].
Table 1 shows the physical and chemical characteris-
tics of GDAS used in the present study.

The sandy soil, with porosity of 0.41, was used as
aquifer in the experiments conducted. This soil had a
particle size distribution ranging from 63 μm to
0.71 mm with an effective grain size (d10) of 110 μm, a
median grain size (d50) of 180 μm, and a uniformity
coefficient (Cu = d60/d10) of 1.73. The hydraulic con-
ductivity and bulk density were 4.22 × 10−3 cm/s and
1.563 g/cm3, respectively.

Fig. 3. FTIR analysis of GDAS before and after biosorption of lead.

Table 2
Functional groups responsible for lead biosorption onto GDAS

FTIR peak Wave no. (cm−1) Type of bond Functional group

1 514.33 –C–Br− Alkyl halides
2 1,028.11 –C–O–C−, OH− Alcohol, carboxylic acid
3 1,086.01 –C–O–C− Alcohol
4 1,421.03 –OH− Carboxylic acid
5 1,800.99 –C=O− Carboxylic acid
6 2,519.21 –OH− Carboxylic acid
7 3,740.11 –OH− Carboxylic acid

 Co=50 mg/l, dosage=0.25g/100ml, agitation speed=250rpm
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Fig. 4. Lead removal efficiency of lead on GDAS as a func-
tion of contact time and initial pH.

Co=50 mg/l, pH=5, t=2 hr, agitation speed=250 rpm
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Fig. 5. Effect of GDAS dosage on the lead removal
efficiencies.
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Lead was selected as a representative of heavy
metal contaminants. To simulate the water’s lead
contamination, a solution of Pb(NO3)2 (manufactured
by BDH, England) was prepared and added to the
specimen to obtain representative concentration.

2.2. Batch experiments

Batch experiments were conducted to determine
the best conditions of contact time, initial pH of the
solution, initial concentration of the metal, dosage,
and agitation speed. A series of 250ml flasks was
employed and each flask was filled with 100 ml of
lead solution with an initial concentration of 50 mg/l.
Subsequently, about 0.25 g of the adsorbent was

added into these flasks and stirred in high-speed orbi-
tal shaker at 250 rpm for 4 h. A fixed volume (20 ml)
of the solution was withdrawn from each flask and fil-
tered to separate the adsorbent, and a fixed volume
(10 ml) of the clear solution was pipetted out to deter-
mine the concentration of lead remaining in the solu-
tion. The measurements were conducted using atomic
absorption spectrophotometer (AAS) (Shimadzu,
Japan) and the adsorbed concentration of lead on the
reactive material was determined by a mass balance.

Kinetic studies were performed at pH (3, 4, 5, 6,
and 7), initial lead concentration (50, 100, 150, 200, and
250 mg/l), adsorbent dosage (0.15, 0.25, 0.5, 1, 2, and
3 g), and agitation speed (0, 50, 100, 150, 200,
and 250 rpm). From the best experimental results, the
amount of lead retained in the GDAS phase (qe) was
calculated as follows [19]:

qe ¼ C0 � Ceð ÞV
m

(1)

where C0 and Ce are the initial and equilibrium concen-
trations of lead in the solution (mg/l), V is the volume
of the solution (l), and m is the mass of GDAS (g).

2.3. Description of sorption data

Six isotherm models were used for the description
of sorption data as follows [20]:

� Langmuir model: This model assumes uniform
energies of adsorption onto the surface and no
transmigration of the adsorbate in the plane of
the surface. It can be written as:

qe ¼ qm b Ce

1þ b Ce
(2)

Co=50 mg/l, pH=5, t=2 hr, dosage=0.5g/100ml
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Fig. 7. Effect of agitation speed on the percentage removal
of lead.

Table 3
Parameters of isotherm models for the biosorption of lead
onto GDAS and soil

Isotherm model Parameter GDAS Soil

Langmuir b (l/mg) 0.0349 0.0133
qm (mg/g) 111.6 30.8
R2 0.9914 0.9893

Freundlich KF (mg/mg)(l/mg)1/n 0.0079 0.0016
n 3.0650 2.5893
R2 0.9893 0.8623

Elovich qm (mg/g) 9 –
KE (l/mg) 1.4670
R2 0.9555

Temkin ΔQ (kJ/mol) 14.6770 –
Ko (l/mg) 1.0009
R2 0.9658

Kiselev k1 (l/mg) 0.2785 –
kn −0.8790
R2 0.9123

Hill–de Boer k1 (l/mg) 0.0136 –
k2 (kJ/mol) 24.7274
R2 0.9345

Dosage=0.5g/100ml, pH=5, t=2 hr, agitation speed=250rpm
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Fig. 6. Effect of initial concentration on the lead removal
efficiency on GDAS.
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where qm is the maximum adsorption capacity (mg/g)
and b is the constant related to the free energy of
adsorption (l/mg).

� Freundlich model: This model is quantified by:

qe ¼ KF C1=n
e (3)

where KF is the Freundlich sorption coefficient and n
is an empirical coefficient indicative of the intensity of
the adsorption.

� Elovich model: This model is based on a kinetic
principle assuming that the adsorption sites

increase exponentially with adsorption, which
implies a multi-layer adsorption. It can be
expressed as:

qe
qm

¼ KE Ce exp � qe
qm

� �
(4)

where KE is the Elovich equilibrium constant (l/mg) and
qm is the Elovich maximum adsorption capacity (mg/g).

� Temkin model: This model assumes that the heat
of adsorption of all the molecules in the layer
decreases linearly with coverage owing to the
adsorbent–adsorbate interactions, and that the

Table 4
Model geometry and boundary value problem for simulated two-dimensional problem adopted in the present study

Model geometry

Equations Aquifer (A) DAx
@2CA
@x2 þDAy

@2CA
@y2 � VAx

@CA
@x ¼ RA

@CA
@t

PRB (B) DBx
@2CB
@x2 þDBy

@2CB
@y2 � VBx

@CB
@x ¼ RB

@CB
@t

Conditions Aquifer (A) I·C. (Initial condition)
CA(x, y, 0) = 0
Exterior B·C. (Boundary condition)

CA(0, y, t) = 0 except CA(0, y, t) = 50 mg/l @ W1≤ y ≤W1 + W2
@CA
@x ¼ 0 @ (L, y, t)

@CA
@y ðx; 0; tÞ ¼ 0 and @CA

@y ðx;W; tÞ ¼ 0 for 0 ≤ x ≤ LA, LA + LB≤ x ≤ L

@CB
@y ðx; 0; tÞ ¼ 0 and @CB

@y ðx;W; tÞ ¼ 0 for LA ≤ x ≤ LA + LB

PRB (B) I·C.
CB(x, y, 0) = 0
Interior B·C.

CA(LA, y, t) =CB(LA, y, t)
CA (LA + LB, y, t) =CB (LA + LB, y, t)

�DBxnB
@CB
@x �DBynB

@CB
@y þ VBxnBCB ¼ �DAxnA

@CA
@x �DAynA

@CA
@y þ VAxnACA @ (LA, y, t)

−DBxnB
@CB
@x �DBynB

@CB
@y þ VBxnBCB ¼ �DAxnA

@CA
@x �DAynA

@CA
@y VAxnA @ (LA + LB, y, t)

Note: CA and CB are the lead concentrations in the aquifer and PRB, respectively.
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Fig. 8. Distribution of lead concentration after (a) 1, (b) 3, (c) 7, and (d) 10 d for a flow rate of 500 ml/min using GDAS
as the PRB.
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adsorption is characterized by a uniform distri-
bution of the binding energies, up to some maxi-
mum binding energy. It can be expressed as:

h ¼ RT

DQ
ln KoCe (5)

where θ ( = qe/qm) is the fractional coverage, R is the
universal gas constant (kJ/mol/K), T is the tempera-
ture (K), ΔQ is the variation of adsorption energy

(kJ/mol), and Ko is the Temkin equilibrium constant
(l/mg).

� Kiselev model: This model is known as the
adsorption isotherm in localized monomolecular
layer and can be expressed as:

k1Ce ¼ h
1� hð Þ 1þ knhð Þ (6)

where k1 is the Kiselev equilibrium constant (l/mg), θ
( = qe/qm) is the fractional coverage, and kn is the

Fig. 9. Distribution of lead concentration after 5 d for a flow rate of (a) 500, (b) 750, and (c) 1,000 ml/min using GDAS as
the PRB.
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constant of complex formation between the adsorbed
molecules.

� Hill–de Boer model: This model describes the
case where there are mobile adsorption and lat-
eral interaction among the adsorbed molecules
and is given by:

k1Ce ¼ h
1� h

exp
h

1� h
� k2h

RT

� �
(7)

where k1 is the Hill–de Boer constant (l/mg) and k2 is
the energetic constant of the interaction between the
adsorbed molecules (kJ/mol).
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Fig. 10. Breakthrough curves as a result of lead transport
at ports (a) P1, (b) P2, (c) P3, and (d) P4 for different flow
rates using GDAS as the PRB.
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Fig. 11. Breakthrough curves as a result of lead transport
at ports (a) P5, (b) P6, (c) P7, and (d) P8 for different flow
rates using GDAS as the PRB.
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2.4. Two-dimensional continuous experiments

Fig. 1 shows the schematic diagram of the bench-
scale model aquifer used in the present study. The
simulated lead transport was performed in a two-
dimensional tank. The bench-scale model aquifer was
placed within a 6 mm thick rectangular Perspex glass
tank (80 × 40 × 10 cm). All the sides of the tank were
transparent to allow visual observations. Two vertical
perforated plates covered with filtration screen were
used as partitions. These partitions provided the lat-
eral boundaries of the sand-filled middle compartment
with a dimension of 80 × 40 × 10 cm. The purpose of
the two outer compartments, i.e. influent and effluent
chambers, was to control the position of the watertable
within the model aquifer placed in the middle com-
partment and to regulate the wetting of this aquifer
mass. Each outer compartment had a dimension of
10 × 40 × 10 cm. The flow through the model aquifer
was accomplished by a storage tank, two constant
head tanks, and a flow-meter. Two flow rates (500 and
1,000 ml/min) were selected with corresponding seep-
age velocities of 87.8 and 175.6 m/d, respectively.

The sampling plate (Fig. 2) was placed on top of
the Perspex glass tank to support the sampling ports.
This plate contained 4 columns and 2 rows of sam-
pling ports designated from P1 to P8. The aqueous
samples from the model aquifer were collected using
stainless syringes at specified periods. The lead-con-
taminated solution with a concentration of 50 mg/l
was introduced through the model aquifer from the
cubic source, which was located at the side of the
aquifer. This source (10 × 10 × 10 cm) simulated con-
tinuous release of contaminants.

At the beginning of each test, the middle com-
partment was packed with 5 cm depth model aquifer.
The model aquifer consisted of three parts. The first
part was 60 cm of sandy soil measured from the left
side of the tank. The second part was a 10 cm barrier
of reactive material placed beside the packed soil.
The third part was 10 cm of sandy soil placed beside
this barrier. The aquifer was filled with water and
left overnight to settle and saturate this soil. Then,
the packed aquifer was flushed at maximum velocity
until the effluent water was free of suspended fine
material.

The lead concentrations within the aquifer model
in the effluent from sampling ports were monitored
for a period of 5 d. The water samples (3–5 ml) were
regularly collected (after 0.5, 1, 2, 3, 4, and 5 d) from
each port, and immediately added to glass vials and
analyzed by AAS. At the end of each experiment, the
soil was removed from the tank. The tank was soaked
in a dilute NaOH solution and rinsed first with tap

water, and finally with distilled water to avoid cross-
contamination between the experiments.

2.5. Fourier-transform infrared analysis

This analysis has been considered as a direct
method for investigating the sorption mechanisms by
identifying the functional groups responsible for the
binding of lead onto GDAS [21]. The characteristic
bands of the GDAS before and after lead uptake at a
pH of 5 were used to assess the changes in the func-
tional groups of this material. A 250ml flask was filled
with 100 ml of the contaminant solution containing
50 mg/l lead and 0.5 g of GDAS. The flask was agi-
tated for an equilibrium time at 250 rpm. The infrared
spectra of the GDAS samples before and after lead
biosorption were examined using Shimadzu FTIR, 800
series spectrophotometer, Japan.

3. Results and discussion

3.1. FTIR analysis

The infrared spectra of the GDAS samples, mea-
sured with the range of 400–4,000 cm−1, before and
after biosorption of lead were examined (Fig. 3). The
functional groups identified in the GDAS and their
contributions in the biosorption process of lead are
summarized in Table 2. The shifts in the infrared fre-
quencies indicated that the carboxylic, alcohol, and
alkyl halides groups were responsible for the biosorp-
tion of lead onto GDAS [22].

3.2. Influence of batch operating parameters

Fig. 4 shows the effect of contact time and initial
pH of the solution on lead sorption using 0.25 g of
GDAS added to 100 ml of metal solution, determined
by batch experiments conducted at 25˚C. The adsorp-
tion rate was initially very fast and increased with
increasing contact time, until it reached the equilib-
rium time ( = 2 h). This may be owing to the presence
of a large number of adsorbent sites available for the
adsorption of the metal ions. Furthermore, the increase
in the metal removal with the increasing pH can be
explained by the decrease in the competition between
the proton and metal species for the surface sites, and
the decrease in positive surface charge, resulting in a
lower columbic repulsion of the sorbing metal [23].
Thus, it is clear that the maximum removal efficiency
of lead was achieved at an initial pH of 5.

Fig. 5 shows that the lead removal efficiency on
GDAS improved with increasing adsorbent dosage
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from 0.15 to 0.5 g for a fixed initial metal concentra-
tion. This result was expected owing to the fact that
the availability of sorption sites increases with the
increasing dose of adsorbents in the solution.

Fig. 6 indicates that the removal efficiency
decreased from 97 to 65% with the increasing initial
lead concentration from 50 to 250 mg/l. This finding
signifies that energetically less favorable sites become
involved with increasing lead concentrations in the
aqueous solution [24].

Fig. 7 shows the gradual increase in contaminants
uptake when the agitation speed was increased from 0
to 250 rpm, at which about 97% of lead was removed.
This can be attributed to the improved diffusion of
ions toward the surface of the reactive medium and,
consequently, suitable contact between the ions in the
solution and binding sites.

3.3. Sorption isotherms

The sorption data for lead on GDAS were fitted
with a linearized form of Langmuir, Freundlich,
Temkin, Elovich, Kiselev, and Hill–de Boer models. In
addition, the sorption data of sandy soil were fitted
only with Langmuir and Freundlich models. Table 3
presents the fitted parameters and coefficient of deter-
mination (R2) for each model. It is clear that the Lang-
muir isotherm model provided the best correlation,
when compared with the other models. Accordingly,
the Langmuir model was used to describe the sorption
of lead onto GDAS and sandy soil in the partial differ-
ential equation (PDE) governed by the transport of a
solute in continuous mode.

3.4. Longitudinal dispersion coefficient

The results of the experimental runs concerning
the measurement of longitudinal dispersion coefficient
(DL) at different velocities (V) for soil and GDAS took
a linear relationship as follows:

DL ¼ 22:900 V þ 0:871 R2 ¼ 0:9172 ½Soil� (8)

DL ¼ 53:944 V þ 0:297 R2 ¼ 0:9792 GDAS½ � (9)

This indicated that the longitudinal dispersivity (αL)
was equal to 22.9 and 53.944 cm for soil and GDAS,
respectively.

3.5. Two-dimensional model development

The contaminant migration in a porous medium is
due to the advection–dispersion processes; therefore,
considering a two-dimensional system (unidirectional
fluid flow and two-dimensional transient solute trans-
port), the dissolved lead mass balance equation can be
written as follows:

Dx
@2C

@x2
þDy

@2C

@y2
� Vx

@C

@x
¼ @C

@t
þ qb

n

@q

@t
(10)

where C is the lead concentration in water, q is the
lead concentration on solid, and ρb is the dry adsorb-
ing material bulk density. Under the isotherm condi-
tions, the second term (q) on the right-hand side of
this equation can be replaced with Langmuir model
(Eq. (2)). Table 4 summarizes the model geometry and
boundary value problem (i.e. governing equations, ini-
tial conditions, and boundary conditions) for the simu-
lated two-dimensional problem adopted in the present
study.

Fig. 8 describes the predicted surface and contour
plot of normalized concentrations of lead across the
laboratory two-dimensional sandy soil packed tank in
the presence of PRB after 1, 3, 7, and 10 d for a flow
rate of 500 ml/min. It is clear that the propagation of
the contaminated plume is restricted by the GDAS

Table 5
Comparison between predicted removal efficiencies of the lead for two values of PRB thickness

Travel time (d)
Removal efficiency of lead (%)a

Thickness of barrier = 10 cm Thickness of barrier = 15 cm

1 75 90
2 53 72
3 35 60
4 25 50
5 20 40

aThe thickness of the barrier measured from X = 60 cm.
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barrier and the functionality of the barrier decreases
with the time because of the decreasing retardation
factor.

Fig. 9 shows the effect of the applied flow rate, i.e.
velocity of flow, on the extent and concentration mag-
nitudes of the lead plume. It can be clearly noted that
the extent of contaminant plume in the longitudinal
(X) direction is greater than that in the transverse (Y)
direction, which is consistent with the assumption of
unidirectional velocity adopted in the present study.
Moreover, the highest concentrations were observed in
the sand bed, which is the up-gradient of PRB. Thus,
it is evident that the functionality of the barrier will
decrease with the increasing velocity of flow because
of the greater penetration of the contaminant plume.

Figs. 10 and 11 present the comparison between
the predicted and experimental results at the nodes
corresponding to the monitoring ports (P1–P8) during
the migration of the lead plume at different periods of
time, and flow rates of 500 and 1,000 ml/min. The
lead concentrations in the ports (P1, P2, P3, and P4)
located along the centerline of the source area
(Y = 20 cm) were higher than those in the ports (P5,
P6, P7, and P8) deviated from the centerline by 10 cm
(i.e. Y = 10 cm). In addition, it can be noted from
Table 5 that the potential functionality of the GDAS as
a function of its thickness in the retardation of lead
migration represented by COMSOL predicted removal
efficiency in the location just before (X = 60 cm and
Y = 20 cm) and beyond the barrier (X = 70 cm and
Y = 20 cm), and it appeared that the increased thick-
ness of PRB could increase the removal efficiency. A
good agreement between the predicted and experi-
mental results was observed with root mean squared
error (RMSE) [25] not exceeding 0.055.

4. Conclusions

From the batch experiments, the best values of the
parameters that affected lead biosorption/sorption
process onto GDAS and sandy soil were noted to be
contact time of 2 h, initial pH of the solution of 5, ini-
tial lead concentration of 50 mg/l, sorbent dosage of
0.5 g/100 ml, and agitation speed of 250 rpm. The
sorption data were reasonably well correlated by the
Langmuir sorption isotherm with coefficient of deter-
mination (R2) greater than 0.989. Furthermore, FTIR
analysis proved that the carboxylic, alcohol, and alkyl
halides groups were responsible for the biosorption of
lead onto GDAS.

The results of two-dimensional numerical model
solved by COMSOL Multiphysics 3.5a under equilib-
rium condition proved that the GDAS barrier was

efficient in the restriction of contaminant plume. The
results proved that the functionality of the barrier
decreased with the increasing travel time and velocity
of flow. However, this functionality increased with
increasing barrier thickness. A good agreement
between the predicted and experimental results was
recognized with RMSE not exceeding 0.055.
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